Introduction
Gene expression regulation in a cell plays a crucial role in the cellular response to environmental cues and other important biological processes (Bauer et al., 2010) . A major mechanism of gene expression regulation is the binding of transcription factor (TF) protein to a specific DNA sequence in the regulatory region of a gene, thereby activating or inhibiting its transcription (Zhou & Liu, 2004) . A TF often regulates multiple genes whose binding sites have similar but not identical sequences (Zhang et al., 2009 ). There is, however, a short, recurring pattern among the promoter sequences called a motif, and it is this motif that a TF recognizes and interacts with (D'haeseleer, 2006b) . It is important to identify the set of genes a TF modulates, called its regulon, as this will advance our understanding of the regulatory network of an organism (D'haeseleer, 2006b; Tan et al., 2005) . One way to identify the regulon is to determine a TF's motif and subsequently use the motif to search for other candidate genes regulated by the TF. Traditionally, TF binding sites (TFBSs) are determined by various experimental approaches. Mutagenesis, DNase footprinting, gel-shift, and reporter construct assays are common methods for identifying the binding sites upstream of individual genes, but the throughput of these techniques is low (D'haeseleer, 2006b; Ladunga, 2010) . In recent years, chromatin immunoprecipitation (ChIP) and systematic evolution of ligands by exponential enrichment (SELEX) are available to study protein-DNA interactions in a high throughput manner. Chromatin-immunoprecipitation of DNA cross-linked to a TF can be hybridized to a microarray (ChIP-chip) or sequenced (ChIP-seq) to obtain the TF's cognate binding sites on the whole genomic scale (Homann and Johnson, 2010; Ladunga, 2010; Stormo, 2010) . SELEX is an in vitro technique that measures the binding affinities of TFs for synthetic, randomly generated oligonucleotides, usually 10-30 bp long (D'haeseleer, 2006b; Ladunga, 2010; Stormo, 2010) . Sequences that strongly bind to a TF in question will be selectively amplified for later identification (Schug, 2008) . The major drawback of experimental approaches to determine TF recognition motifs is the time required and the relative high cost (Zhou & Liu, 2004) . Moreover, some methods have specific requirements. For example, ChIP requires antibodies and certain growth conditions under which the transcription regulator is active (Tan et al., 2005) . Even if a biologist can satisfy the requirements, the resolution of the regions containing the binding sites can span
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The chapter is intended to be a pragmatic guide for microbiologists. As such, it does not cover algorithms in details and technical mathematical formulas. Instead, it presents a highlevel conceptual overview of the key concepts researchers need to know in order to effectively use the available bioinformatics tools to locate TF binding sites in sequenced prokaryote genomes. Online databases of prokaryote gene expression regulation information are introduced next, followed by pattern matching programs designed for or tested on prokaryotes. Finally, the chapter concludes by offering practical strategies and tips to improve the specificity and sensitivity of the results. Along the way, the global transcriptional regulator OmpR in Escherichia coli will be used in examples throughout the chapter. OmpR is a cytosolic response regulator, and together with the membrane-bound histidine sensor kinase EnvZ, constitute a prototypical twocomponent signal transduction system in bacteria. Our lab is currently using bioinformatics to identify novel target genes of OmpR in the E. coli genome.
Motif representation
As mentioned before, a TF binds to different DNA sequence variations to modulate the expression of their target genes. This degeneracy of the binding sequences allows different levels of gene regulation to be achieved (D'haeseleer, 2006b ). For instance, OmpR's DNA binding properties fluctuate with the extent of covalent modifications, leading to changes in the DNA binding affinity and/or its DNA binding "signature", and thus broadening its motif definition. In E. coli one of the genes regulated by OmpR, ompF, illustrates the transcriptional regulator's broad recognition signature. In vivo and in vitro experiments have shown that two OmpR molecules bind to each of the four sites in the promoter of the ompF gene in a tandem manner (Harlocker et al., 1995; Yoshida et al., 2006) :
TTTACTTTTGGTTACATATT F2: TTTTCTTTTTGAAACCAAAT F3: TTATCTTTGTAGCACTTTCA
F4: GTTACGGAATATTACATTGC
Many pattern matching programs take a set of TFBS sequences, such as the OmpR binding sequences above, as input and internally convert it to a matrix representation for genome scanning. A few programs, such as MAST, require the matrix directly, which can be constructed using one of the matrix utility programs discussed later. Conceptually, a motif matrix is a table of 4 rows by n columns, where n is the length of the TFBS sequences, that tabulates the frequency information of the nucleotides at each position. The four rows correspond to the four nucleotides A, T, G, C. Each column in the table holds the occurrence frequency of each base at that motif position. Bases that occur more frequently at a position/column have a higher number. See Fig. 1(a) for the matrix representation of the four F1-F4 OmpR binding sequences shown above. The matrix in Fig. 1(a) is called a position frequency matrix. In actual practice, bioinformatics programs add values like pseudocounts (to avoid zero, which is undefined for some mathematical functions used in the algorithm) and background model probabilities (to account for genome differences like GC content) to each frequency number (Mrazek, 2009) . It is this more sophisticated matrix, called a position-specific score matrix (PSSM) or position weight matrix (PWM), that is actually used by pattern matching programs during genome scanning. See Fig. 1(b) . Matrices are generally used to represent more degenerate (that is, less conserved) TFBS sequences (Mrazek, 2009) . When the consensus pattern is more conserved, one may model the motif using the International Union of Pure and Applied Chemistry (IUPAC) codes (D'haeseleer, 2006a) . The IUPAC system defines 11 new single-letter codes that represent more than one nucleotide (see Table 1 ). For example, the ompF binding sites could be neatly represented using the IUPAC alphabet as KTWWCKKWDKRDHACHWWNH [see Fig.  1(c) ]. The K is a "wild card" code for guanine or thymine; W, adenine or thymine; and so on. Table 1 . IUPAC codes for describing more conserved transcription factor binding consensus sequences (Pavesi et al., 2004) .
IUPAC code Matches Nucleotide(s)
Another way to represent more conserved motifs is via regular expression, or regex, a complex but highly flexible language for describing text patterns in the computer field (Mrazek, 2009 Each pair of brackets specifies one nucleotide and the bases in the brackets specify the allowable nucleotides. There are slightly different flavors of the regex language that implement slightly different features, so be sure to check the documentation accompanying a pattern matching program to find out the features supported. Note that both IUPAC codes and regular expression allow multiple bases to be specified at a nucleotide position, but all the valid bases are assumed to occur with the same frequency. Because the set of DNA sequences recognized by a TF is often degenerate and nucleotide frequency information is helpful in pattern matching, matrices are more often used and are supported by many programs. 
How pattern matching programs work
Whether a motif is given as a regular expression, an IUPAC consensus sequence, or a matrix, a pattern matching program looks for the motif by scanning a genome on both the sense and antisense strands from the 5' to 3' end (MacIsaac & Fraenkel, 2006) . See Fig. 2 . Typically, the default is to check only the intergenic regions; coding regions are skipped over. A window with a width equal to the length of the motif slides over the genome one base at a time. At each iteration, the sequence in the window is checked against the given motif for a match. For regular expression or IUPAC motif, each nucleotide in the window is checked to see if that nucleotide is allowed at that position. If the number of mismatches is at or below a certain limit, the sequence is considered a match and returned. If the motif is given as a matrix, the sequence is scored against the matrix. The score for that sequence is calculated by summing the weight score at each position. If the score is at or above a certain threshold, that sequence is considered similar to the motif and a match is found. The score measures how closely the candidate sequence matches the motif modeled by the position weight matrix and how likely the candidate happens to be a random genomic background sequence.
Motif databases and utilities
To use motif matching programs to discover candidate genes modulated by a TF, the TF's motif is required. One can look in the literature to compile a list of the reported binding site sequences, or better yet, one can search online databases of sequenced genomes and gene regulation information, usually curated from primary journals. There are general databases covering the prokaryotes and specialized ones for particular bacterial strains (see Table 2 ). For instance, PRODORIC contains close to 3,000 TFBSs and over 2,000 genes for multiple bacteria species (Grote et al., 2009) . Another resource containing information on transcription factors and their target genes, but for Escherichia coli K-12 only, is RegulonDB (Gama-Castro et al., 2011).
Fig. 2.
Overview of how pattern matching programs work given a motif represented using (a) IUPAC codes or (b) a position weight matrix. These programs slide an n-bp window (shaded and underlined), where n is the length of the motif (n = 20 in this example), over every single base in the genome. For each iteration, the sequence inside the window is (a) compared against the allowable nucleotides specified by the IUPAC motif, and if the number of mismatches is at or below a certain limit, the sequence is considered a match. For the matrix in (b), the score of an individual base in each column is looked up and summed, and if the total is at or over a certain threshold, the sequence is considered a match. The IUPAC consensus motif and the matrix are the same as those in Fig Once a set of binding site sequences has been gathered, online tools are available to analyze and display the motif in those sequences (Table 3) . D-MATRIX (Sen et al., 2009 ) is a web application that constructs alignment, frequency, and weight matrices and displays them.
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The generated matrices can be exported for use as input into pattern matching programs. The site can also generate the regular expression and IUPAC representations of the consensus motif. WebLogo displays a motif graphically so that sequence similarity can easily be visualized (Crooks et al., 2004) . It is important that the gathered TF binding sites are high quality since inaccuracies will produce a subpar matrix and consequently, poor motif matching performance (MedinaRivera et al., 2010; Wittkop et al., 2010) . Inaccuracies in TFBS information could stem from the imprecise nature of experimental approaches since gel shift, DNase footprinting, ChIPchip, and ChIP-seq do not precisely identify binding sequences (Wittkop et al., 2010) . Two programs aim to analyze and optimize binding sequences. The utility 'matrix-quality' quantifies the ability of a matrix to distinguish background sequences and find functional binding sites in a genome (Medina-Rivera et al., 2010) . It works by combining theoretical and empirical score distributions (Medina-Rivera et al., 2010) . Another utility, MoRAine, goes one step further by shifting nucleotides around and takes the reverse complement of each TFBS sequence to try to improve the matrix (Wittkop et al., 2010 Table 3 . Utility programs to manipulate transcription factor binding site sequences: construct and display frequency and weight matrices, generate regular expressions and IUPAC consensus patterns, and check and improve alignment quality. All the programs run inside a web browser (Platform = Web). Some of them can also be downloaded and executed locally on the user's computer running Unix or Unix-like operating system (Platform = Unix) or locally inside a Java virtual machine (Platform = Java). The Web Address column shows where the programs can be located or downloaded.
Pattern matching programs
Once a list of high quality TF binding sites is in hand, it can be fed into the pattern matching programs listed in Table 4 to find novel binding sites. All the listed programs are designed for prokaryotes or they have been tested with bacteria. This section briefly describes each motif matching program. STAMP (Mahony & Benos, 2007) is not a true pattern matching program in that it does not scan genomes. Instead, it finds regulatory sequences deposited in motif databases that are most similar to a user-supplied set of binding sequences. It also performs multiple alignments on the supplied binding motifs and builds trees of the evolution of TF binding motifs. MAST (Motif Alignment & Search Tool) (Bailey & Gribskov, 1998) , a component of the MEME Suite, is one of the early programs that perform pattern matching on nucleotide (and protein) sequences. The user can select one of the available genomes or upload a file containing up to one million nucleotides to search. The program requires an input file describing the matrix of the motif to search for. PatScan (Dsouza et al., 1997 ) is another early motif matching program. Even though it is designed to search protein sequences for motifs and nucleotide sequences for hairpins, pseudoknots, repeats, and other secondary structures, it could be used to search genomic DNA for TFBSs. Mismatches, insertions, and deletions are allowed. It runs on Unix systems only. A web version seems to be no longer available. The program 'dreg' searches one or more sequences for a given motif described by a regular expression (Rice et al., 2000) . It is one of the hundreds of tools comprising EMBOSS (European Molecular Biology Open Software Suite). EMBOSS' mission is to provide a place to bring together the rapid increase in the number of complete genomes and new sequence analysis software and make them publicly available as a suite. The tools perform sequence alignment, database searching with sequence patterns, nucleotide sequence patterns (CpG islands, repeats, etc.), and more. To address the usability issue associated with PatScan and dreg, Pattern Locator was created (Mrazek & Xie, 2006) . Its purpose is to find short sequence patterns in complete genomes. The input string uses a special syntax or it can be specified using the IUPAC alphabet. The flexible syntax allows the following to be specified: direct and inverted repeats, maximum number of mismatches allowed, direct or complementary DNA strand to search, and gaps. Many other programs do not require motifs to be supplied in a special syntax. Motif Locator (Mrazek et al., 2008 ) takes a set of binding sequences, turns it into a matrix, and uses the matrix to search a genome for instances of the motif. MyPatternFinder finds exact or approximate occurrences of a motif from a selection of over 600 complete genomes using an exact search method and an alignment technique. Insertions and deletions are allowed. The program 'dscan' (Thompson et al., 2005) scans genome databases for statistically significant sites similar to the given motif. Two databases of E. coli and Rhodopseudomonas palustris intergenic regions are provided. PredictRegulon (Yellaboina et al., 2004 ) is a web application that scans a prokaryote genome for potential target genes of a TF. The user picks a bacterial genome from a list of over 110 and supplies a set of aligned binding site sequences for the transcription factor. The program then scans the upstream sequences of all the genes in the selected genome, calculates a score for a potential binding site in each promoter, and outputs the site if the score is above the threshold cutoff value, which is taken to be the lowest score in the input sequence set. The output includes the binding site sequence, the name and description of the gene, and operon context and detailed information on the gene. FITBAR (Fast Investigation Tool for Bacterial and Archaeal Regulons) (Oberto, 2010 (Piipari et al., 2010) provides an integrated environment to visualize, analyze, and annotate sequence motifs. However, it does not run over the web. It is a Java-based application that runs on MacOS X only. More advanced pattern matching programs incorporate the use of cross-species conservations during their genome search to enrich the predicted sites. Comparative genomics approach is predicated on the idea that TFs from related organisms regulate genes that tend to be conserved (Novichkov et al., 2010b) . Presence of similar TFBSs upstream of orthologous genes increases the probability that the sites are functional binding sites (Novichkov et al., 2010b) . PhyloScan (Carmack et al., 2007; Palumbo & Newberg, 2010 ) is a web program that screens candidate sequences by using (1) aligned or unaligned sequence data from multiple species, even evolutionarily distant ones, (2) multiple sites within an intergenic region, and (3) qvalues to predict more functional TFBSs, even weak ones, in a genome. The use of q-values is in contrast to conventional motif matching programs, which either score a candidate binding site against a training set of TFBS or evaluate the statistical significance of the candidate binding site using p-value. Another program that takes the comparative genomics approach is RegPredict (Novichkov et al., 2010b) , a web site that provides a visual environment for the discovery of genes regulated by a TF in prokaryotes. The site contains a large collection of known TFBS motifs gathered from the RegPrecise, RegTransBase, and RegulonDB databases and genomic sequences of major taxonomic groups of Bacteria. Any of the motifs can be selected, or the user can upload a set of aligned binding site sequences, and RegPredict will scan for the motif in up to 15 genomes simultaneously. (If the regulatory motif is not known, RegPredict can predict one de novo from user-supplied coregulated genes.) Candidate genes are grouped into different clusters based on the degree of conservation of regulatory interactions and then presented in a multi-pane user interface, along with the genomic context and gene function information, for the user to analyze.
Program
Other advanced motif matching programs use DNA structure information to increase their performance. A factor that contributes to the specificity of the interaction between a TF and its binding site is the local conformation of the DNA site (Oshchepkov et al., 2004) . Even though a TF often regulates multiple genes and the binding sites in the promoters of these genes show variations, certain conformational and physicochemical properties are conserved among these sites so that the TF can recognize the sites (Oshchepkov et al., 2004) . Thus, these context-dependent TFBS properties can be used to improve the predictions of genes controlled by a TF (Oshchepkov et al., 2004) .
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Guide to Genome-Wide Bacterial Transcription Factor Binding Site Prediction Using OmpR as Model 51 SITECON (Oshchepkov et al., 2004 ) is a web application that can analyze and report 38 properties-major groove depth, bend, entropy change, to name a few-in a given set of DNA binding site sequences, and optionally, find binding sites in one or more DNA sequences using those properties. CRoSSeD (Conditional Random fields of Smoothed Structural Data) (Meysman et al., 2011) is another program that leverages structure information. Specifically, it uses 12 structural scales, such as protein-induced deformability and stabilization energy, that are presumably relevant to binding site recognition in prokaryotes. (Scales are experimentally determined models for approximating regional DNA structure based on di-or trinucleotides.) Some of the novel binding sites found by CRoSSeD had low sequence similarity. A check with the literature and database indicated that they may be true binding sites. This shows that searching for binding sites based on structure information is a viable approach since these binding sites, with their weak motif, may be missed by traditional pattern matching programs.
EnvZ/OmpR regulon prediction
Our lab is currently using genetic, biochemical, and bioinformatics approaches to determine the set of genes regulated by OmpR in E. coli. A microarray experiment showed that the expression levels of 125 genes were significantly affected in an EnvZ-null background (Oshima et al., 2002) . To help identify the genes that are directly modulated by OmpR, we searched the RegulonDB databank and found 23 OmpR binding sites for 11 genes, as listed in Table 5 . Using all of the OmpR binding sequences except ecnB's (since it is not 20-bp long) as input, the pattern matching program Motif Locator detected 12,314 matches in the intergenic regions of the E. coli K12 genome. Since E. coli has over 4,200 genes (Blattner et al., 1997) , the results clearly contained many false positives. Table 5 . List of known OmpR binding sites and the corresponding genes. The list was compiled using RegulonDB.
Gene OmpR Binding Site Gene OmpR Binding Site
To increase the specificity and reduce the number of matches returned, we picked 10 binding sites from five genes: ompF, ompC, tppB, csgD, and fadL. See Table 6 . These sequences were chosen because each contains two direct repeats of the consensus motif GTTACANNNN, which is derived from extensive studies on interactions between OmpR and ompF and ompC promoters (Harlocker et al., 1995; Yoshida et al., 2006) . Note that we adjusted the alignment of the csgD and fadL binding sequences to better fit the consensus model. The csgD and fadL sequences from RegulonDB shown in Table 5 span from -57 to -38 and from +58 to +77 relative to the transcriptional start site, whereas the adjusted ones span from -59 to -40 and from 50 to 69, respectively. Pattern matching analysis of the 10 sequences listed in Table 6 Table 6 . OmpR binding sequences that contain direct repeats of the GTTACANNNN consensus motif, where N denotes any nucleotide.
The degenerate OmpR binding motif makes identification of new regulon member difficult. When the set of 10 sequences in Table 6 was used as input, Motif Locator predicted only half of the 12 known OmpR regulated genes: bolA, ompF, csgD, micF, ompC, and fadL, whereas Virtual Footprint returned four: ompF, micF, ompC, and fadL. This observation suggests that the run was too specific and more novel genes remain to be discovered. To find them, one can try different sets of input sequences, run other pattern matching programs, or make use of comparative genomics or published OmpR crystal structures (Kondo et al., 1997; Martínez-Hackert & Stock, 1997) .
Conclusion
Like our own experience of using bioinformatics tools to study the OmpR regulon illustrates, comparative studies on the performance of motif discovery and matching programs found no single program works well on all data sets (MacIsaac & Fraenkel, 2006) . In particular, a benchmark of four motif matching programs-RSA Tools, PRODORIC Virtual Footprint, RegPredict, and FITBAR-for their ability to discover potential binding sites for the transcriptional regulator NagC involved in N-acetylglucosamine metabolism in www.intechopen.com the Escherichia coli K12 MG1655 genome found that some tools uncover sites that others have missed (Oberto, 2010) . Therefore, it is recommended that multiple tools be used instead of just one and the output from multiple programs be combined and compared in order to improve accuracy and gain confidence in the results (Das & Dai, 2007; Mrazek, 2009 ). The easiest way to run the pattern matching programs-and other bioinformatics tools-is over the web inside a browser. However, in order to help keep the load on the web servers hosting these programs to a low level, some sites put a limit on the complexity of the jobs submitted. If a web site places such restriction, a desktop version of the program is usually provided for users to download and install or compile on their local computer. Many of the desktop programs run in a Java environment or on Unix or Unix-like system, such as Linux. Some Unix programs can run on Windows if the Linux-like environment Cygwin is set up first. However, it should be noted that setting up the required runtime environment and installing or compiling these programs take considerable effort and computer expertise. Also be aware that some desktop programs, especially those that run on Unix, are run from the command line; there is no graphical user interface. The identification of a TF's binding motif and the identification of new target genes are difficult to do experimentally and computationally (Pavesi et al., 2004 ) because we do not completely understand the biology of gene regulation (Das & Dai, 2007) . But it is hoped that the information in this chapter will make the task of pattern matching easier for microbiologists and other researchers.
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